INTRODUCTION
It has been demonstrated that DNAs which contain an oligo(dA) tract are bent by means of electrophoresis and electron microscopy [1 -5, 46] . Several models for DNA bending have been proposed [3, [6] [7] [8] [9] , but they are contradictory. Crystallographic studies [10] [11] [12] and spectroscopic studies [ 13 -19] of DNAs containing the oligo(dA) tract were performed, but the correlation between the oligo(dA) tract and DNA bending remained unclear, although conformational deviations were reported in some of the papers.
We have already studied the conformation of d(CGC-AAAAAAGCG)d(CGCTTTTTTGCG) by means of NMR spectroscopy, finding that the minor groove of the oligo(dA) tract is compressed gradually from 5' to 3' [20] . To further clarify the correlation between the oligo(dA) tract and DNA bending, we have performed studies on the conformations of d(GGAAA-
TTTCC) X2, d(GGTTTAAACC) X2 and d(GCATTTTGAAA-CG)d(CGTTTCAAAATGC), as well as d(CGCAAAAAA-GCG)d(CGCTTTTTTGCG).
The numbering of the residues for each oligonucleotide is as follows. 
MATERIALS AND METHODS

Each oligonucleotide strand, d(GGAAATTTCC), d(GGTTT-AAACC), d(CGCAAAAAAGCG), d(CGCTTTTTTGCG), d(GCATTTTGAAACG) and d(CGTTTCAAAATGC)
, was synthesized on a 10 /*mol scale, by means of an automated version of the phosphoamidite coupling method, with a model 381A DNA synthesizer (Applied Biosystems Co.). After deblocking of protecting groups, each strand was purified on a C-18 reversed phase column and then converted into a sodium salt via a pyridine salt on an AG 50W column [21] . Finally, each strand was purified on a Sephadex G-50 column. Equimolar amounts of d(CGCAAAAAAGCG) and d(CGCTTTTTTGCG), and d(GCATTTTGAAACG) and d(CGTTTCAAAATGC) were mixed, respectively, and then annealed by heating to 70 °C, followed by slow cooling. Each duplex was applied to a Sephadex G-50 column once again to remove single-stranded materials.
For measurement of NMR spectra of non-exchangeable protons, a lyophilized sample was dissolved in 10 mM phosphate buffer (pH 7.0) containing 0.15 M NaCl. The solution was lyophilized and then dissolved in 0.45 ml of D 2 O (99.96%). The concentration was 3-5 mM for each duplex. For measurement of exchangeable proton spectra, a H 2 O:D 2 O mixture (9:1) was substituted for D 2 O. DSS was used as an internal chemical shift reference.
NMR spectra were obtained with a JEOL GX-500 NMR spectrometer. Phase-sensitive NOESY [22] and HOHAHA [23, 24] spectra in D 2 O were collected by the method of States et al. [25] at 15 °C. Three mixing times, 60, 90 and 120 ms, were used for the NOESY experiments, the mixing time for the HOHAHA experiment being 49 ms. The repetition delay was 2.0 s. The data size was 1024 complex points for t 2 and 256 points for t^ The t 2 data were apodized with a -20% shifted sinebell and then Fourier transformed. The t) data were zero filled to 1024 points, apodized with a -7% shifted sinebell and then Fourier transformed. One dimensional spectra in H 2 O were accumulated with a 1-1 pulse sequence [26] , and NOE difference spectra were obtained by difference FID with on and off resonance irradiation at 5 °C. The irradiation time was 100 ms.
RESULTS
The resonances of non-exchangeable and imino protons of d(GGAAATTTCC)x2, d(GGTTTAAACC)x2 and d(GCA-TTTTGAAACG)d(CGTTTCAAAATGC) have been assigned sequentially by means of one-and two-dimensional NMR in the same way as reported for d(CGCAAAAAAGCG)d(CGCTTT-TTTGCG) [20] , using previously established methods [27] [28] [29] [30] [31] [32] [33] .
As an example, Fig. 1 shows expansion of the NOESY spectrum of d(GGTTTAAACC)x2 in D 2 O, indicating the sequential assignments of HI' and H6/H8 through the HI' (i -1)-H6/H8(i)-Hl'(i) connectivities. In the same way, H2', H2", H3' and H4' of d(GGTTTAAACC)x2 were assigned, the assignments being all self consistent and confirmed by HOHAHA spectra (data not shown). For the other duplexes, the assignments of non-exchangeable protons were made similarly (data not shown).
The imino proton of the thymine in an A-T base pair is expected to be close to the H2 of the adenine in its own base pair and to the H2 of an adenine on the 3' side in right-handed DNA. Such connectivities were observed for d(CGCAAAAAAGCG)d-(CGCTTTTTTGCG) [20] , and have been observed for d(GGAAATTTCC)x2, d(GGTTTAAACC)x2 and d(GCA-TTTTGAAACG)d(CGTTTCAAAATGC) as well (data not shown). Thus, imino protons of thymines and H2s of adenines were assigned sequentially (data not shown).
We have already found, in the previous study, that in the case of d(CGCAAAAAAGCG)d(CGCTTTTTTGCG) the distance between the H2 of an adenine and the HI' of a 3'-neighbouring residue on the complementary strand, which reflects the width of the minor groove, gives interesting information on the conformation of the oligo(dA) tract [20] . Therefore, this distance has been calculated for four duplexes on the basis of the intensities of die cross peaks in the NOESY spectra, using the equation,
where ry is die distance between protons i and j, r ref is an internal reference distance, which is fixed geometrically, and a^ and a^ are the integrated volumes of corresponding cross peaks in die NOESY spectra. The distance between H5 and H6 of a cytosine (2.46 A) was used as an internal reference [34] . To reduce the effect of spin diffusion and to calculate reliably distances between die H2 of an adenine and die HI' of a 3'-neighboring residue on the complementry strand, diree different short mixing times were used to obtain NOESY spectra. Moreover, it should be noted that for corresponding proton pairs, there is nearly no indirect pathway for cross relaxation, so the calculated distances are expected to be radier accurate, not being disturbed by spin diffusion. Fig. 2 shows the calculated distances for d(GGTTTAAACC) X2. They depend on the mixing time little, which guarantees die accuracy of the distances calculated in this way. The calculated distances for the other oligonucleotides depend on die mixing time little as well (data not shown). The average distances calculated for three mixing times are summarized in Fig. 3 for each interstrand distance. In the case of A6of d(GGTTTAAACC)x2 (Fig. 3b) , the 3'-neighbouring residue on the complementary strand is A6 itself. So an intraresidue H2-H1' cross peak in a NOESY spectrum might overlap an interstrand H2-H1' cross peak. But the intraresidue H2 -HI' distance is over 4.6 A for any conformation, and over 5.2 A for A-and B-DNA [35] . Therefore an intraresidue cross peak is expected to be very weak, if there is one. Moreover, as mentioned below, this problem does not affect the following discussion.
DISCUSSION
It is clear in Fig. 3 that the distances between the H2 of an adenine and the HI' of a 3'-neighbouring residue on the complementary strand, which reflectthe width of the minor groove, are much shorter than the 5. and HI' of a 3'-neighbouring residue on the complementary strand. [36] . Such compression of the minor groove of the oligo(dA) tract is consistent with the results of studies involving DNase I cleavage [37] , X-ray diffraction of crystals and fibers [38, 10, 11, 39] and NMR spectroscopy [40, 14, [18] [19] [20] .
As pointed out earlier, a high propeller-twist angle in an A-T base pair would cause such narrowing of the minor groove [38] . On NMR spectroscopy, the propeller-twist of an A-T base pair in the oligo(dA) tract can be monitored qualitatively by means of NOEs between the imino proton of a thymine and the H2 of the base paired and 3'-neighbouring adenines, as found in our previous study on d(CGCAAAAAAGCG)d(CGCTTTTTTGCG) [20] . The relative intensities of these NOEs are shown in Table  1 for each duplex. They range between 1:0.35 and 1:0.45, the average value being about 1:0.4 for any duplex. In a recent study on d(GGCAAAAACGG)d(CCGTTTTTGCC), the ratio of the distances between the imino proton and the H2 of the base paired and 3'-neighbouring adenines was found to range between 1:0.86 and 1:0.89 [18] . Because the intensity of NOE is proportional to the reverse six powers of the interproton distance, this ratio range of the distances corresponds to the NOE range between 1:0.40 and 1:0.50, which is almost consistent with our results. The value of 1:0.4 for the relative intensities of the NOEs suggests that the propeller-twist angle is relatively large, i.e., about 17°o r a little larger [20] , for all duplexes. This is consistent with observed narrowing of the minor groove [38] , although it might be necessary to take into account another factor, tilt, in order to determine the propeller-twist angle more precisely [18] . It is difficult to discuss variation in the propeller-twist angle depending on the position of the residue in the oligo(dA) tract on the basis of the NMR results in Table 1 , because the accuracy as to the integrated intensity is not good enough for discussion in detail.
It is more interesting in Fig. 3 that in all duplexes, the distance becomes shorter, from 5' to 3', along the oligo(dA) tract. Such gradual compression of the minor groove, from 5' to 3', was demonstrated qualitatively in our previous study on d(CGCAAAAAAGCG)d(CGCTTTTTTGCG) [20] , and is consistent with the results of a recent NMR study [18] . Thus it can be concluded that gradual compression is a general phenomenon for the oligo(dA) tract. This conclusion is also in good agreement with the results of a study using cleavage of phosphodiester bonds with hydroxyl radicals [7] . Moreover, another important feature in Fig. 3c and d is that the compression almost reaches a plateau level at the third adenine along the oligo(dA) tract. This is also consistent with the results of a recent study [18] .
If the intraresidue H2-HI' cross peak overlaps with the interstrand H2-HI' cross peak in the case of A6 of d(GGTTTAAACC)x2, the interstrand distance in Fig. 3b,  4 .5 A, calculated without consideration of the overlapping is an underestimate and thus should be a little longer. But it is apparent that this slight modification does not have any effect on the above discussion.
It can be understood why d(GGAAATTTCC) n x2 is bent and d(GGTTTAAACC) n x2 is not so bent, if at all [41] , from the gradual compression of the minor groove along the oligo(dA) tract. As a result of the gradual compression from 5' to 3', in d(GGAAATTTCC)x2, the width of the minor groove is narrowest at the central two residues of the six A-T base pairs. On the other hand, in d(GGTTTAAACC)x2, it is narrowest at both ends of the six A-T base pair regions. As indicated in a study on nucleosome core particles, compression of the minor groove leads to bending toward the minor groove [42] [43] [44] . Fig.  4a schematically shows the directions and extents of bending of d(GGAAATTTCC)x2 and d(GGTTTAAACC)x2, respectively, as estimated on the basis of the distances in Fig.  3a and b, which reflect the width of the minor groove. Each duplex is viewed along its helical axis. Solid line vectors indicate the bending toward the minor groove at each residue. The length of each vector is set so as to be proportional to the difference between 5.1 A and the observed distance in Fig. 3a and b. The distance, 5.1 A, is the one expected for a straight B-DNA in the classical model [36] , so the difference is a yardstick of the extent of bending. The distance between A4H2 and T8H1' of d(GGAAATTTCC) x2 could not be determined because of the overlapping of cross peaks, so the distance between A3H2 and C9H1' is used. This is an underestimate of the length of the vector at the second adenine along the oligo(dA) tract, because the minor groove is expected to be narrower at this residue on its gradual compression. The most important feature in Fig. 4a is the following. In the case of d(GGTTTAAACC) x2, the two longest vectors point in opposite directions and thus cancel each other out, while in the case of d(GGAAATTTCC) x2 these two vectors point in similar directions, and thus are most efficiently additive. As a result, the sum of ah" vectors (dashed line vector) in the case of d(GGAAATTTCC)x2 is greater than that in the case of d(GGTTTAAACC)x2, in spite of underestimation of the bending at the second adenine along the oligo(dA) tract. Thus it can be understood why d(GGAAATTTCC) n x2 is bent and d(GGTTTAAACC) n x2 is not so bent, if at all. Fig.4c is normalized to 1.0 . b For example, in the case of A8N2, 2cosl8+2cos54=3.1 and 2cosl8=1.9, respectively (See Fig. 4c ).
The sum of the vectors in the case of d(GGAAATTTCC) x2 is only about two times greater than that in the case of d(GGTTTAAACC) X2, as can be seen in Fig. 4a . But the length of the vectors in Fig. 4a depends on the reference distance (now 5.1 A), so the value, for the length, itself is not so meaningful. For example, if the reference is set at 4.5 A, the sum of the vectors in the case of d(GGTTTAAACC)x2 becomes very small, i.e., almost zero, although in the case of d(GGAAATTTCC)x2 this does not change so much, which is also in good agreement quantitatively with the results of the electrophoretic study. The important feature in Fig. 4a , as mentioned already, is that the two longest vectors are additive in the most efficient way in d(GGAAATTTCC) x2, while these two vectors cancel each other out in d(GGTTTAAACC)x2.
In a similar way we can illustrate the difference between d(GAAAATTTTC)x2 and d(GTTTTAAAAC)x2 (Fig. 4b) . The length of the vector at the fourth residue along the oligo(dA) tract is assumed to be the same as that at the third one because the compression almost reaches a plateau level at the third adenine, as mentioned above. The sum of all the vectors in the case of the former is much greater than that in the case of the latter, because the four longest vectors are additive in the most efficient way in the former, while the addition of those vectors tends to cancel in the latter. This explains why d(GAAAATTTTC) n x2 is bent and d(GTTTTAAAAC) n x2 is not bent [4] . It should be noted in Fig. 4a and b that if all vectors were of the same length, there would be no difference between the left and the right. The gradual compression, from 5' to 3', along the oligo(dA) tract is essential for DNA bending.
The bending of a series of d(AjN lo _j) n d(N 1O -jTj) n sequences can also be understood qualitatively in view of the gradual compression of the minor groove along the oligo(dA) tract. To simplify the explanation for the bending of d(AjN 10 _j) n d(N, 0 _jTj) n sequences, the bending is assumed to be zero at the first and second adenine residues in the oligo(dA) tract, and at the following adenine residues along the oligo(dA) tract it is assumed to be constant (a parameter of 1.0 is used for calculation on Table 2 ). This assumption reflects the gradual compression and the reaching of a plateau level. Based on the above assumption, the sum of the vectors was calculated, as illustrated for j = 8 in Fig. 4c . The left of Fig. 4c shows the calculation based on the above assumption, but the right shows the case when the bending at the first and second adenine residues is the same as that at the following adenine residues, which would result from uniform compression of the minor groove along the oligo(dA) tract. The calculated values are listed in Table 2 . The listed order of sequences in Table 2 , from top to bottom, indicates the order of the extents of bending observed in electrophoretic studies on 150 bp DNAs at room temperature [3] . The higher a sequence is in the list, the greater the extent of bending is. It is clear that the values calculated on the basis of the above assumption correlate very well with the results of electrophoretic studies, although the values based on the uniform compression model do not show any correlation at all. Thus, in view of the gradual compression of the minor groove along the oligo(dA) tract, the bending of a series of d(AjN 10 _j ) n d(N 10 _jTj) n sequences can be understood qualitatively.
Additionally, it should be noted in Fig. 3a and b that the extent of compression of the minor groove in the oligo(dA) tract is less in d(GGTTTAAACC)x2 than in d(GGAAATTTCC) x2. This suggests that the TA step disturbs compression of the minor groove to some extent. Similar disturbance by the TA step was observed for the dynamical properties of the oligo(dA) tract [17] . Moreover, the lower extent of compression of the minor groove of the oligo(dA) tract in d(GGTTTAAACC)x2 than in d(GGAAATTTCC) X2 would correlate with the results of studies on d(GAAAATTTTC) n x2 and d(GTTTTAAAAC) n x2 by means of cleavage with hydroxyl radicals, in which narrowing of the minor groove in the oligo(dA) tract was detected in the former but not in the latter [45] .
We have already reported that some conformational discontinuity exists at the junctions between the oligo(dA) tract and the other portions [20] , and this may play some role in DNA bending. However, we showed here that the gradual compression of the minor groove, from 5' to 3', along the oligo(dA) tract is the key to understanding DNA bending.
